This study was aimed at the evaluation of the anti-inflammatory activity of twelve compounds isolated from the methanolic extract of fruits of Terminalia chebula. The activity was determined in terms of their ability to inhibit inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) in LPSstimulated macrophages. Two gallotannins [chebulinic acid (1) and 2,3,6-tri-O-galloyl--D-glucose (2)] and two triterpenoids [arjunic acid (3) and arjunolic acid (4)] efficiently reduced nitric oxide (NO) production with IC 50 values of 53.4, 55.2, 48.8, and 38.0 M, respectively. The protein expressions of iNOS and COX-2 were decreased in macrophages by treatment with compounds 1-4 (54-69% and 33-37%, respectively) at 50 M. This is the first report of antiinflammatory property of 1-4 mediated by inhibition of iNOS and COX-2 activities at the cellular level.
Nitric oxide (NO) is a representative free radical molecule which is derived from L-arginine by nitric oxide synthase (NOS) enzyme which exists as constitutive endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS) [1] . Excessive amount of NO, primarily generated by iNOS, acts as a toxic agent and a carcinogen [2] . Cyclooxygenase (COX), which exists as two isoforms, constitutive (COX-1) and inducible (COX-2), converts arachidonic acid to prostaglandin H2 [3] . Inducible isoforms of NOS (iNOS) and COX (COX-2) in macrophages play a crucial role in regulation of inflammatory and immune responses as important pro-inflammatory mediators [3, 4] .
Terminalia chebula Retz. (Combretaceae) has mostly been used in North India as a traditional medicine for prevention of inflammation, carcinogenesis, and oxidative stress [5] . Fruits of T. chebula contain diverse phytochemical components such as ellagitannins, gallotannins, and triterpenoids [6, 7] . Herbal formulations like abana, geriforte, triphala, chyavanaprasha, and mentat, containing T. chebula as one of the major components, have been reported to inhibit NO generation in vitro [8] . Nevertheless, there has not been a trial to search for anti-inflammatory constituents from T. chebula extract which could work through inhibiting the expression of iNOS and COX-2.
Our preliminary research to evaluate the NO inhibitory activity showed that the extract of T. chebula decreased NO production in LPS-stimulated macrophages with an IC 50 value of 157.4 g/mL. In order to discover the active constituents, twelve compounds isolated from the methanolic extract of T. chebula were evaluated for their ability to decrease NO production in LPS-stimulated macrophages [7] . The compounds included one ellagitannin (corilagin, 0.007% yield), three gallotannins [chebulanin (0.004% yield), chebulinic acid (1, 0.003% yield), and 2,3,6-tri-O-galloyl--D-glucose (2, 0.003% yield)], and eight triterpenoids [arjunetin (0.0009% yield), arjungenin (0.04% yield), arjunglucoside I (0.005% yield), arjunglucoside II (0.005% yield), arjunic acid (3, 0.001% yield), arjunolic acid (4, 0.01% yield), chebuloside II (0.001% yield), terminolic acid (0.003% yield)]. Out of twelve, four compounds (1-4, Figure 1 ) reduced LPS-stimulated nitrite accumulation by over 50% at a concentration of 50 M, while the other eight did not reach a 50% inhibition at the same dose. None of the compounds showed any significant cytotoxicity (Table 1) . (4) 38 (Table 2) . Under the same biological test condition, parthenolide, a positive control, caused a decrease in NO production with an IC 50 value of 1.4 M. The effects of these four compounds on LPS-induced iNOS and COX-2 protein expressions were determined by a Western blot method (Figure 2 and 3 ).
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All four compounds inhibited the expression of LPS-induced iNOS at concentrations of 10 M and 50 M (Figure 2 ). Apparent increase in protein expression of iNOS was observed in LPS-stimulated cells in comparison with the unstimulated cells. This increase was suppressed by treatment with 50 M of chebulinic acid (62% decrease), 2,3,6-tri-O-galloyl--D-glucose (58% decrease), arjunic acid (54% decrease), and arjunolic acid (69% decrease) (Figure 2A) . At a lower concentration of 10 M, compounds 1, 2, 3, and 4 reduced iNOS expression by 37%, 37%, 35%, and 55%, respectively ( Figure 2B ). Out of the four active compounds, arjunolic acid (4) showed the most potent effect, which was correlated with its ability to decrease the NO levels (Table 1 and 2). As a positive control, parthenolide (10 M) decreased the protein level by 69% compared with the vehicle control.
The anti-inflammatory effect of 1-4 mediated by decreasing COX-2 expression was also determined by Western blot (Figure 3 ). The treatment of macrophages with LPS (5 g/mL) induced the expression of COX-2, which was decreased by chebulinic acid (35% decrease), 2,3,6-tri-O-galloyl--D-glucose (36% decrease), arjunic acid (37% decrease), and arjunolic acid (33% decrease) at 50 M ( Figure 3A ), while there was no effect at a concentration of 10 M ( Figure 3B ). Indomethacin (10 M), as positive control, attenuated the level of COX-2 expression by 48%.
It has been reported that chebulagic acid, one of the main bioactive compounds of T. chebula, down-regulated LPS-induced gene expressions of TNF-, IL-6, iNOS, and COX-2 [9] . Oral administration of the methanolic extract of T. chebula also exhibited anti-inflammatory and anti-arthritic activity in the in vivo animal model by modulating pro-inflammatory cytokine expressions [10] . This is the first report of the anti-inflammatory activity of chebulinic acid (1) 
Anti-inflammatory activity of constituents from Terminalia chebula Natural Product Communications Vol. 9 (7) 2014 967 inhibitory activity in previous literature, but not at the cellular level [11] . Antioxidant and free radical scavenging activities of chebulinic acid (1) and arjunic acid (3) have been reported earlier, which were determined by lipid peroxidation and DPPH assays [12] [13] [14] . Arjunolic acid (4) was also reported as a potent antioxidant agent against the production of superoxide, hydroxyl, and nitric oxide radicals in cell-free tests [15] . Oxidative stress plays an essential role in the pathogenesis of inflammatory diseases [16] . Naturally occurring antioxidants, such as flavonoids and tannins, have been known to improve cardiovascular health by attenuating inflammatory responses [17] . Therefore, antioxidant effects of chebulinic acid (1), arjunic acid (3), and arjunolic acid (4) might partly attribute to their anti-inflammatory properties.
Out of the four compounds exhibiting anti-inflammatory properties in this study, 2,3,6-tri-O-galloyl--D-glucose (2) has been reported to induce PPAR and PPAR transcriptional activities and increased insulin-stimulated glucose uptake (2.7-fold increase) without inducing adipogenesis [7] . Peroxisome proliferatoractivated receptors (PPARs) are ligand-dependent transcription factors controlling both lipid metabolism and inflammation [18] . A reduction of insulin-stimulated glucose uptake (insulin resistance) by PPAR induction is linked to type 2 diabetes characterized by chronic low-grade inflammation [19] . Gallotannins have been known as potent anti-inflammatory agents by regulating inflammatory mediators like iNOS and COX-2, as well as transcription factors like NF-B and PPARs [20] . Taken together, 2,3,6-tri-O-galloyl--D-glucose, with a gallotannin moiety, seems to act on multiple targets such as iNOS, COX-2, and PPAR/ which may prove to be beneficial for inflammatory and metabolic diseases.
In conclusion, chebulinic acid, 2,3,6-tri-O-galloyl--D-glucose, arjunic acid, and arjunolic acid from T. chebula attenuated the NO production induced by LPS in macrophages. Their antiinflammatory property appears to be mediated by inhibiting the protein expression of iNOS and COX-2. Arjunolic acid was the most potent iNOS inhibitor out of the constituents of T. chebula selected in this study.
Experimental
Chemicals: LPS (from E. coli, 055:B5, purity 97% protein), MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide, purity 97.5%], parthenolide (purity 98%), Griess reagent [sulfanilamide and N-(1-naphthyl)ethylene-diamine], and amikacin were purchased from Sigma-Aldrich (St Louis, MO). Indomethacin (purity 99%) was obtained from Cayman Chemicals (Ann Arbor, MI). RPMI, bovine calf serum (BCS), and phosphate-buffered saline (PBS) were from Hyclone (South Logan, Utah). Anti-iNOS and anti-COX-2 rabbit polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and anti--actin rabbit polyclonal antibody was from Abcam (Cambridge, MA).
Plant extract and compounds: Fruits of T. chebula were extracted with 100% methanol and the solvent was evaporated under reduced pressure to yield dried extract. The plant material was authenticated by comparing with authentic samples obtained from the centre for Research in Indian Systems of Medicine (CRISM, India). A voucher specimen (No. 4989) has been deposited at the National Center for Natural Products Research (NCNPR), University of Mississippi. Twelve compounds were isolated from T. chebula extract and their structures were elucidated by spectroscopic data analysis [7] . Purity was determined to be  95%. The compounds were dissolved in DMSO for biological tests (0.5%, v/v, final concentration).
RAW 264.7 cell culture and measurement of NO production: Mouse macrophage cell line (RAW 264.7) was obtained from ATCC and cultured (5% CO 2 at 37C) in phenol red free RPMI containing 10% BCS and 60 mg/L amikacin. The activity of iNOS was determined in RAW 264.7 cells by measuring NO levels in cell supernatants by Griess reagent. The cells were treated with test compounds (5-100 μM) or parthenolide (0.5-12 μM) for 4 h and LPS (1 μg/mL) was added before incubating for an additional 20 h. Cell supernatant (100 μL) was mixed with Griess reagent (50 μL), incubated for 10 min and read at 540/630 nm.
Cytotoxicity test:
Cell viability was determined by the MTT colorimetric method. Cells were incubated with test compounds as above and after removing the media, 90 L of new media and 10 L of MTT solution (5 mg/mL in PBS) were added and cells were incubated for an additional 4 h. The formazan crystals were dissolved in DMSO and detected at 570 nm using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA).
Western blot analysis:
Protein expressions of iNOS and COX-2 were determined by Western blot analysis [7] . Cells were treated with test compounds (50 and 10 μM), parthenolide or indomethacin (10 μM, Cayman Chemicals, Ann Arbor, MI) and then stimulated with LPS (5 μg/mL), as described above. Cell lysates (50 μg of protein) were loaded to SDS-PAGE (10% Mini-Protean gel, BioRad, Hercules, CA) and transferred onto PVDF membrane. The membrane was blocked with blocking buffer (Invitrogen, Grand Island, NY) and incubated with primary antibody (anti-iNOS rabbit polyclonal antibody or anti-COX-2 rabbit polyclonal antibody) overnight. The level of iNOS and COX-2 protein was normalized with the level of -actin.
Statistical analysis: Data were expressed as the mean ± S.D. Statistical analyses were performed by a one-way analysis of variance (ANOVA) using MS Excel (Microsoft Windows XP). P values less than 0.05 were considered statistically significant.
